Collagens are ubiquitously and abundantly present in the extracellular matrix of mammalian and insect cells (9, 20) . Due to the unique structure of collagen, three helically wound polypeptides including numerous repeats of tripeptide GlyPro-X, the characteristic proteins are difficult to degrade. Nevertheless, collagens are prospective biomaterials for applications because of their significant involvement in many cellular events (9, 17, 20) . Furthermore, pathological and biochemical studies on collagen degradation by microorganisms have demonstrated enormous potential for applications (15, 31) . While there have been only a few reports dealing with thermophilic bacteria that preferentially degrade collagens and their enzymes (3, 16, 30, 34) , we have thus far isolated a thermophilic and collagen-degrading bacterium, Geobacillus collagenovorans MO-1, from soil around a cold spring in Kyoto, Japan, and have studied an array of collagenolytic enzymes produced by strain MO-1 (14, 19, 32) . This strain produces three enzymes related to collagen breakdown: a collagenolytic protease that directly hydrolyzes collagen molecules and two distinct metallopeptidases (Pz peptidases) that hydrolyze the synthetic substrate 4-phenylazobenzyloxycarbonyl-Pro-Leu-Gly-Pro-D-Arg, which contains the collagen-specific tripeptide. The collagenolytic protease is recognized in the culture supernatant, while the two Pz peptidases are in the cytoplasm fraction of the cell. It is supposed that in strain MO-1, macromolecular collagens are first degraded by the collagenolytic protease extracellularly and that the resulting oligopeptides are then transported inside the cells to be further hydrolyzed by two Pz peptidases. From enzymological analyses, it was found that the collagenolytic protease is an extracellular enzyme that belongs to a family of serine proteases; however, the enzyme has a much larger molecular mass than do other extracellular serine proteases from bacteria (32) . While the collagenolytic protease from strain MO-1 has a broad specificity for protein substrates, one of its distinct characteristics is its strong activity toward collagen. Most collagenases have larger molecular masses than ordinary proteases have (32) , and they are structurally equipped with the mechanism to break down collagens by such means as hydrolysis and binding (19) . In view of these facts, we proposed that the collagenolytic protease from strain MO-1 also has an advantageous apparatus for collagen degradation (19) . To examine whether the collagenolytic protease from strain MO-1 is truly a collagenolytic protease specific to collagen, we cloned the gene for the collagenolytic protease and analyzed its structure. Subsequently, in this study, we investigated whether a region with unknown function binds collagen and, if so, which segment is responsible for collagen binding.
MATERIALS AND METHODS
Microorganisms and growth conditions. G. collagenovorans MO-1 was used for this study of the collagenolytic protease and the cloning of its gene. The features of this strain have been described in previous reports (14, 19) . This strain was grown in L broth (1% [wt/vol] tryptone, 0.5% [wt/vol] yeast extract, 0.5% [wt/vol] NaCl, pH 7.2) with reciprocal shaking (95 rpm) at 65°C for 8 h for chromosomal DNA isolation. For gene cloning and expression of recombinant genes, Escherichia coli DH5␣ and BL21(DE3), respectively, were used. All recombinant strains were aerobically cultivated in L broth appropriately supplemented with ampicillin (50 g/ml) at 37°C. Japan), and the quantitative analyses for protein bands in the gel were densitometrically carried out by the attached program, Multi Gauge version 2.1.
The SPR method was performed at room temperature in a MultiSprinter system (TOYOBO, Osaka, Japan), based on a method described previously (7) . Different amounts of acid-soluble collagen (type I; Nacalaitesque) were immobilized onto the spots of a COOH sensor chip with bifunctional cross-linkers, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, and N-hydroxysuccinimide. For the blank control, bovine serum albumin (BSA) was spotted onto the same chip. The sample protein solution (GST fusion proteins, 1 mg/ml) in buffer I was refluxed at a flow rate of 50 l/min.
Release of the collagenolytic protease from collagen. To search for the condition to release the collagenolytic protease from collagen, various concentrations of NaCl or detergent were added to collagen, which bound the fusion protein GST-Int in a microtube. The collagen binding the collagenolytic protease (collagen complex) was prepared by incubating for 180 min at 0°C according to the batch method, described above. The collagen complex was centrifuged at 14,000 rpm for 5 min, and the supernatant was completely removed. Fifty microliters of the releasing solution (0, 30, 145, and 1,000 mM NaCl; 1% [wt/vol] Triton X-100, 1% [wt/vol] Tween 20, or 1% [wt/vol] Tween 60 in Tris-HCl [pH 7.5]; the numbers indicate the final concentration in the mixture) was added to the sedimented collagen complex in the microtube, and incubation was carried out at 0°C for 30 or 60 min. The microtube was centrifuged as described above, and 18 l of the sample was removed and then transferred into a new microtube. The microtube was centrifuged again, and the supernatant was subjected to SDS-PAGE. The amount of fusion protein GST-Int released from collagen into the solution was quantitatively analyzed by calculating the densitometric ratio of the collagenolytic protease on the SDS-PAGE pattern using the same system (LAS-1000 Plus/Multi Gauge) as that used for the batch analysis.
Nucleotide sequence accession number. The nucleotide sequence data for the gene for the collagenolytic protease from strain MO-1 will appear in the DDBJ/ EMBL/GenBank nucleotide sequence databases with the accession number AB260948.
RESULTS
Gene cloning and nucleotide sequence analysis. Prior to the probe preparation, the internal amino acid sequence of the collagenolytic protease from strain MO-1 was determined to be Asn-Ser-Phe-Met-Asp-Val-Asp-Ala-Leu-Gln. Based on this result and the N-terminal sequence reported previously (19) , two primers, F-1 and R-1, were designed to synthesize the DNA probe by PCR. The obtained DNA probe (0.8 kbp) was subject to DNA sequencing and was confirmed to contain the DNA sequences coding for the determined N-terminal and internal amino acid sequences at both edges. One hybrid plasmid containing the gene for the collagenolytic protease was screened from a library of the EcoRI-digested G. collagenovorans chromosomes through colony hybridization using the DNA probe. The DNA fragment contained in the hybrid plasmid was 6.0 kbp in length and was found to lack the region encoding the C-terminal segment of the collagenolytic protease. Therefore, other hybrid plasmids having the missing region were subsequently screened from two libraries of HindIII-or EcoRI-digested chromosomes. As a result, two hybrid plasmids containing the expected region were obtained and found to include a HindIII-HindIII fragment (0.7 kbp) or an EcoRIEcoRI fragment (4 kbp). The DNA fragments, excluding the overlapping regions, were reconstructed together in one plasmid named pGC-9, which covers the entire gene of the collagenolytic protease. The DNA fragment derived from strain MO-1 in pGC-9 was 9.8 kbp in length.
From DNA sequence analysis, two open reading frames appeared in a 9.8-kbp DNA fragment, one corresponding to the homologue of UDP-N-acetylglucosamine-2-epimerase and the other corresponding to the collagenolytic protease containing the known N-terminal and internal amino acid sequences. The open reading frame (4,623 bp) for the collagenolytic protease is capable of coding for a protein of 1,541 amino acids with a putative molecular mass of 170,962 Da. This capability is by far greater than that estimated for the purified collagenolytic protease (105 kDa) in our previous report (19) . The Nterminal sequence of the purified protein occurred at amino acid position 165, indicating that the open reading frame includes the pre-and prosequences for the secretion and maturation of the collagenolytic protease. To obtain evidence supporting this idea, we investigated the motif of the region between the putative start codon and the N-terminal region experimentally determined (amino acid position 1 to 180) (Fig.  1A ) by free Internet software for a motif search (http://www .cbs.dtu.dk/services/SignalP/). The result indicated that the Nterminal segment between amino acid positions 1 and 22 most probably functions as a signal sequence for secretion (data not shown). Furthermore, combinatorial homology searches using SSEARCH, FASTA, and BLAST programs revealed that the collagenolytic protease from strain MO-1 resembled lactocepins (lactococcal cell envelope-associated proteinases) from Lactobacillus paracasei subsp. paracasei NCDO 151 (SwissProt accession number Q02470) and Oceanobacillus iheyensis HTE831 (Swissprot accession number Q8CVB2) (6, 23) . L. paracasei lactocepin has been confirmed to have a prosequence following the signal sequence, which shows a significant homology with the segment between amino acids positions 23 and 164 of the collagenolytic protease. The molecular mass of the segment including the pre-and prosequences of the collagenolytic protease is 18,718 Da. Judging from the molecular masses of the processed segment at the N terminus, the open reading frame, and the purified protein, it is likely that there is another processed site at the C terminus. From the putative calculation of the molecular mass, the processed site is presumably located near amino acid position 1130. Another characteristic is that there are 14 direct repeats of 20 amino acids between amino acid positions 1242 and 1521 in the C-terminal segment (Fig.  1B) showing a high homology with choline-binding protein PspC from Streptococcus pneumoniae (10, 24) . In addition, the collagenolytic protease was purified from the culture supernatant of strain MO-1, not from cellular fractions. It is definite that the enzyme is secreted into the culture without being displayed on the cell surface.
In the region between amino acid positions 165 and 654, there is close homology with the catalytic regions of lactobacillus lactocepins introduced above. Lactocepins belong to a subtilisin family (S8) of serine peptidases, and their typical active site residues have been established through genetic studies (22) . In the collagenolytic protease, Asp194, His260, and Ser590 are presumed to be the active residues, since their equivalent residues work as a catalytic triad located in the N-terminal region of the lactocepin molecules (25) . This feature on the active site suggests that the hydrolyzing mechanism of the collagenolytic protease is not specifically restricted to collagen. In addition to the characteristics described above, there is a long region (amino acid positions 655 to 1130) intervening between the catalytic region and 14 repeats of 20 amino acids. The intervening region shares no significant homology with lactocepins. Five types of secondary structure predictions were carried out for the region by using the systems SSTHREAD (http://www.ddbj.nig.ac.jp /search/ssthread.html), PSIPRED (http://bioinf.cs.ucl.ac.uk /psipred/), Chou-Fasman (http://mbs.cbrc.jp/papia-cgi/ssp _menuJ.pl), Non predictor (http://cubic.bioc.columbia.edu /services/NORSp/submit.html), and PREDATOR (http://npsa-pbil .ibcp.fr/cgi-bin/npsa_automat.pl?pageϭ/NPSA/npsa_preda.html). Their combined results revealed that ␤-strands exclusively occupy the region and, therefore, that the region most likely constitutes ␤-sheets (data not shown). Since the function of the intervening region was unclear, the collagenolytic protease containing the region was subjected to collagen-binding analysis.
Collagen-binding analysis of the purified collagenolytic protease. The collagenolytic protease purified from strain MO-1 was investigated to determine whether it could bind insoluble collagen and other insoluble proteins. Among insoluble proteins, elastin and feather keratin, in addition to type I collagen, were chosen for the binding analysis. Since the collagenolytic protease can degrade collagen molecules along with temperature elevation and, in addition, the background on the SDS-PAGE was drastically increased along with the elevation of temperature, mainly due to hydration of collagen, the incubation of the collagenolytic protease with insoluble proteins was performed at 0°C on ice to prevent, as much as possible, collagen breakdown. As shown in Fig. 2 , the collagenolytic protease significantly bound with collagen but not with the other insoluble proteins, keratin and elastin, during 180-min incubation. In the binding assays performed by using the patterns of SDS-PAGE, most of the collagenolytic protease binding with collagen was precipitated with collagen, while the slight amount left in the supernatant appeared as a thinner band on SDS-PAGE. On the other hand, bovine serum albumin used instead of the collagenolytic protease, as a negative control protein, showed no interaction with the three insoluble proteins, including collagen, and was mostly recovered in the supernatant after centrifugation following incubation with the respective insoluble proteins. Bands for bovine serum albumin of unchanged thicknesses at the same positions were observed. These results demonstrated that the collagenolytic protease purified from strain MO-1 has the potency to specifically bind with collagen but not with other insoluble proteins.
Collagen-binding analysis of GST fusion proteins. Fusion proteins of GST and various regions of the collagenolytic protease were constructed (Fig. 3) , overexpressed in E. coli BL21, and purified to homogeneity. The catalytic region and the region intervening between the catalytic region and 14 repeats of 20 amino acids were subjected to binding analysis. The result showed that GST-Int had a binding capability comparable to that of the purified collagenolytic protease. In contrast, GST itself and the fusion protein including the catalytic region (GST-Cat) were kept on the supernatant without attaching on collagen. GST-Cat was found to be enzymatically active at elevated temperatures; therefore, the fusion protein was correctly folded in E. coli cells. This result indicated that the intervening region is responsible for collagen binding in the collagenolytic protease. A further investigation to find the segment for binding collagen in the intervening region was carried out. The intervening region was divided into three segments of approximately the same size (about 160 amino acids; see Fig. 3 for the positions). Calculated molecular masses were as follows: Int1, 17.4 kDa; Int2, 17.7 kDa; and Int3, 17.5 kDa. These proteins were fused to the C terminus of GST in the same (Fig. 3) . After GST fusion proteins were purified to homogeneity with glutathione-immobilized affinity gel chromatography, their collagenbinding abilities were analyzed under the same condition in triplicate. The GST fusion proteins GST-Int2 and GST-Int3 showed significant collagen-binding capability (two-thirds and one-third of that of the mature collagenolytic protease, respectively), whereas the fusion protein GST-Int1 hardly bound collagen. In addition, the sum of the binding capabilities of the fusion proteins GST-Int2 and GST-Int3 was comparable to that of the mature collagenolytic protease and the fusion protein GST-Int. Thus, the segments (amino acid positions 816 to 1130) included in the fusion proteins GST-Int2 and GST-Int3 were found to be responsible for the collagen-binding capability of the collagenolytic protease from strain MO-1. From the secondary structure prediction of the segment, the segments are composed only of ␤-strands that possibly constitute ␤-sheets.
A time course analysis of the intervening region in collagen binding was carried out by use of the GST fusion protein GST-Int (Fig. 4) , which gradually increased the ratio of bound collagen to total collagen, which reached the midpoint in 60 min, when 50% of the GST-Int molecules bound collagen. The binding of the collagenolytic protease with collagen was completed in about 90 min.
The collagen binding of GST-Int was confirmed by SPR using a MultiSprinter system. Two proteins, acid-soluble collagen and BSA, were immobilized on a COOH tip by use of bifunctional cross-linkers, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide and N-hydroxysuccinimide. Examination of the sensorgrams for collagen and BSA indicated that the two proteins exhibited different patterns of signal to immobilized type I collagen. The increase in SPR signals by the flow of the fusion protein GST-Int was detected only in the spot of collagen but not in BSA (data not shown). Since the increase was rather slow, the result supported the idea of slow binding of the collagenolytic protease to collagen. Furthermore, when the buffer (50 mM Tris-HCl [pH 7.5]) flowed to dissociate the fusion protein GST-Int binding on collagen, the signal was so slowly decreased that the dissociation rate could not be successfully obtained. However, this finding suggested that the binding of the fusion protein GST-Int is too tight to be released reversibly from collagen. Condition for the collagenolytic protease to release from collagen. Since the running buffer in SPR failed to detach the collagenolytic protease from collagen, the condition to release the collagenolytic protease from collagen was investigated through the addition of a salt solution (NaCl) or a nonionic detergent. The buffer (50 mM Tris-HCl [pH 7.5]) did not allow the collagenolytic protease to dissociate from collagen, which was in good accordance with the result obtained through SPR. On the other hand, the more the NaCl concentration was increased, the more collagenolytic protease was released from collagen into the solution in 60 min. However, three nonionic detergents, Triton X-100, Tween 20, and Tween 60, were ineffective for the release of the collagenolytic protease from collagen, even at 60 min. These results indicated that the collagenolytic protease binds collagen through hydrogen bonding between collagen and the intervening region and can be released in a highly ionic environment. Furthermore, the hydrophobic interaction is not critical for the binding of collagen and collagenolytic protease.
DISCUSSION
We have studied the degradation of collagens by a thermophilic bacterium, Geobacillus collagenovorans MO-1. In this study, we revealed the primary structure of the collagenolytic protease from strain MO-1 by gene cloning. Two features of the structure of the enzyme were confirmed by study of its open reading frame: (i) active site residues for a subtilisin family (S8) of serine peptidases and (ii) a large molecular mass. These characteristics correspond well to those obtained from the enzymological analysis in our previous report (19) . Although the fact that the collagenolytic protease from strain MO-1 is conspicuously sensitive to the inhibitors of serine peptidases is in good agreement with the active site residue results, the broad substrate specificity of other enzymes belonging to the family is insufficient to ensure the specificity of the collagenolytic protease from strain MO-1 in collagen degradation. The majority of known collagenolytic proteases belong to a family of metallopeptidases containing a zinc ion at their active sites, where collagens are specifically recognized and hydrolyzed (12, 28) . The greater molecular mass of the collagenolytic protease from strain MO-1, calculated from the open reading frame, also supports the idea that collagenolytic proteases tend to have a greater molecular mass than those of other proteases. However, the calculated molecular mass of collagenolytic protease (170 kDa) is much greater than that of the purified protein (105 kDa) (19, 32) . The reasons are stated below.
In contrast, two unpredictable features were clarified in this study: (i) the signal sequence for secretion and the prosequence at the N terminus of the collagenolytic protease and (ii) the unusual 14 repeats of 20 amino acids at the C terminus. Met, the N-terminal amino acid empirically determined from the mature collagenolytic protease from strain MO-1 (19) , negated the idea that the enzyme would be equipped with the signal and prosequences. The unusual repeats of 20 amino acids showed a significant homology with choline-binding protein PspC from S. pneumoniae, functioning as a cell-surface anchor (2), but Western blotting analysis using a polyclonal antibody against the collagenolytic protease from strain MO-1 followed by cell fractionation of strain MO-1 failed to provide evidence that the collagenolytic protease is displayed on the cell surface (data not shown). Another characteristic sequence of a cell surface anchor, the specific amino acid sequence LPXTG, is well known (1, 11) . This LPXTG motif was not observed in the vicinity of the unusual repeats of the collagenolytic protease from strain MO-1. Therefore, the characteristic region containing the repeats is most likely secreted from the cell and cleaved in the process of maturation of the collagenolytic protease, judging from the apparent molecular mass (105 kDa) obtained by use of the purified protein (19) .
We found, in addition to these features, a long region (53 kDa, calculated on the basis of the gene) intervening between the catalytic region and the unusual repeats. The intervening region shared no significant homology with any other proteins in the primary sequence; thus, its function remains unknown. In the previous report, we pointed out the abnormally large molecular mass of this collagenolytic protease and thus expected the existence of the characteristic structure giving priority over the decomposition of collagens in such a large molecule of the enzyme. In the case of Clostridium histolyticum ColG, there is a definite collagen-binding segment (14.1 kDa) in a molecular structure with a comparable molecular mass of 116 kDa (12) . Together with the fact that subtilisin can fully function in a compact area of 30 kDa (21, 26) , these findings allow us to presume that the intervening region of the collagenolytic protease from strain MO-1 plays a role in collagen binding to facilitate collagen degradation. Thus, we next investigated the ability of the intervening region to bind collagen. We found that the mature collagenolytic protease from strain MO-1 containing the intervening region at the C terminus bound collagen but not the other insoluble proteins, elastin and keratin (Fig. 2) . In contrast, bovine serum albumin could bind none of the three insoluble proteins. Furthermore, GSTInt showed a collagen-binding ability comparable to that of the mature collagenolytic protease, whereas the GST itself and the fusion protein GST-Cat, containing the catalytic region, showed no binding ability. The ability of the intervening region to bind to collagen was also supported by SPR analysis. SPR analysis also demonstrated the binding of the collagenolytic protease to collagen is slow but tight, since the reversible release of the enzyme protein from collagen with the running buffer was unsuccessful. From further truncation analysis, the binding capability was attributed to two-thirds of the intervening region (Int2 and Int3), which is rich in ␤-strands and is approximately 35 kDa in molecular mass. The molecular sizes of the two segments seemed rather large for bacterial collagenbinding segments, since bacterial collagen-binding domains are much smaller than eukaryotic collagen-binding domains, as seen, for example, with ϳ200 amino acid residues for hemopexine-like domains in matrix metalloproteases and ϳ100 amino acids for clostridial collagen-binding domains (33) . However, these results indicate that the collagenolytic protease from strain MO-1 has a region which binds collagen molecules at the C-terminal part of the matured form, and these segments may contribute to the degradation of collagens. It is (13, 22, 27) . The common features of the two are (i) a lack of homology in sequence and structure with eukaryotic collagen-binding domains and (ii) a characteristic ␤-sheet structure composed of numerous ␤-strands. We found that the collagenolytic protease from strain MO-1 shares these features with the two other bacterial proteins. However, strictly speaking, there is a difference in that ColG and CNA share neither the same fold nor any common residues with each other or with the collagenolytic protease from strain MO-1. Furthermore, while ColG has a central hot spot for binding on the interface of collagen and protein (33) , CNA binds collagen on the residues spreading over the surface of the ␤-sheet groove of the CNA protein (27) . In addition, while hydrogen bonds between the hot-spot residue (Tyr994) of ColG and the backbone of collagen are thought to be critical for binding (33) , the hydrophobic interaction between the concave surface of CNA and collagen is apparently important (27) . In the collagenolytic protease from strain MO-1, hydrogen bonds most likely predominate over the hydrophobic interaction for collagen binding, since a higher concentration of NaCl could release collagen from the enzyme surface but a nonionic detergent could not. In this respect, the collagenolytic protease from strain MO-1 shows a resemblance with ColG; however, the region which is responsible for collagen binding, encompassing the segments Int2 and Int3, extends over a larger region than that of ColG. This fact implies that the collagenolytic protease from strain MO-1 holds collagen on the surface of the larger region containing segments Int2 and Int3 with moderate binding ability, which is different from the mechanism proposed for ColG (13) .
Since strain MO-1 is not a pathogen, the collagen-binding ability of the collagenolytic protease is not related to pathogenicity, which is completely different from the cases of Bacillus anthracis MSCRAMMs (microbial surface components recognizing adhesive matrix molecules) (15, 35) , C. histolyticum ColG (13) , and Staphylococcus aureus CNA (27) but is advantageous for the collagenolytic protease from strain MO-1. Studies of collagen-binding domains or proteins from pathogenic strains are directly linked to prophylactic and therapeutic developments. It has been indicated that the collagen-binding domain of C. histolyticum ColG binds to all kinds of collagen fibrils in vivo and in vitro, and its collagen-binding ability implies the potential for applications to a drug delivery system (18, 29) . Although the main function of collagenolytic protease for strain MO-1 is to degrade collagens in collaboration with two Pz peptidases as a nutrient source for cells (14) , it is possible to apply the collagen-binding segment to such a drug delivery system by taking advantage of the nonpathogenicity of strain MO-1. In addition, we are searching for specific oligopeptide transporters in strain MO-1 that transport collagen peptides cleaved by the extracellular collagenolytic protease for two cytosolic Pz peptidases from extracellular space to the inside of a cell. It has been reported that in gram-positive bacteria such as lactobacilli, macromolecular proteins are degraded by extracellular proteases and the resulting oligopeptides are often transported by oligopeptide-binding proteins into the cells to be further hydrolyzed by various peptidases for optimum growth (4, 8) . Our focus is on the establishment of the cascade of collagen degradation from the collagenolytic protease to Pz peptidases through the oligopeptide transporter(s) in strain MO-1. To the best of our knowledge, this is the first report of a thermophilic collagenolytic protease containing the collagen-binding segment.
